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ABSTRACT 


(U)  A  calculation  and  a  comparison  is  made 
between  the  capabilities  of  a  linear  array 
of  infrared  detectors  and  those  of  an 
infrared  vidicon  for  detecting  high-altitude 
satellites  from  a  satellite  sensor  platform. 
It  is  shown  that  far  smaller  optics  diameter 
is  required  for  the  vidicon  sensor  to  achieve 
the  same  range  as  the  linear  array  or 
alternatively  the  vidicon  range  is  far 
greater . 


Accepted  for  the  Air  Force 
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IR  SATELLITE  SURVEILLANCE  (U) 

I.  INTRODUCTION 

(S)  In  this  report  we  consider  the  detection  of  high-altitude 

satellites  using  their  thermally  emitted  infrared  radiation.  The 
sensor  is  assumed  mounted  on  a  search  satellite,  and  two 
different  sensor  systems  are  considered.  One  system  consists  of 
a  linear  array  of  individual  detectors  and  the  other  consists 
of  an  infrared  vidicon.  Considerable  analysis  of  these  two 
systems  is  contained  in  the  report^-  of  an  earlier  study.  As 
in  the  case  of  the  earlier  study  it  is  obvious  that  a 
considerable  reduction  in  the  size,  and  consequently  in  the  weight 
and  cost  of  the  sensor  system  can  be  realized  by  the  develop¬ 
ment  and  employment  of  a  sensitive,  low-background  IR  vidicon. 

(S)  The  senior  establishes  a  "tight  fence"  in  that  every 

satellite  at  greater  than  synchronous  altitude  must  pass 
through  the  sensor  f ield-of-view  four  times  per  relative  sensor- 
target  orbit.  This  gives  approximately  four  "hits"  per  24  hours 
on  all  targets  above  this  altitude.  It  is  anticipated,  however, 
that  much,  and  perhaps  most,  of  the  time  will  be  spent  in  a 
tracking  mode,  obtaining  orbital  information  on  targets  detected. 

Search  Pattex n 

(S)  The  model  search  pattern  is  shown  in  Fig.  1.  The  search 

satellite  is  assumed  to  be  in  earth  synchronous  orbit  at  36,000-km 
altitude  as  was  the  case  for  the  high  orbit  scheme  considered 
in  the  earlier  study  ,  The  orbital  period  is  24  hours  and  the 
scan  rate  is  such  that  any  satellite  at  3- times -synchronous 
altitude  or  beyond  cannot  pass  through  the  pattern  without  being 
the  f ie Id — of  —  v i ew  of  the  sensor  at  least  twice.  The  required 
scan  rate  for  this  is  3.5  str/hour.  In  the  analysis  below  we 
consider  a  scan  rate  requirement  of  3.5  str/hour  for  the  linear 
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array  and  4.0  str/hour  for  the  vidicon  since  part  of  the  vidicon 
search  time  will  be  lost  as  the  sensor  is  stepped  to  the  next 
f ield-of-view. 

(U)  In  order  to  generate  the  scan  pattern  the  search 

satellite  rotates  about  an  axis  directed  approximately  toward 
the  center  of  the  earth.  In  the  designs  considered  below  the 
linear  array  sensor  rotates  360°  once  every  23  minutes  and 
readjusts  its  rotation  axis  by  5.7°  toward  the  earth  center  and 
repeats  the  scan  overlapping  half  of  the  previous  scan.  The 
vidicon  sensor  rotates  in  a  step  pattern  of  56  steps,  6.5°  each, 
covering  360°  once  every  13  minutes  (11.6  seconds/frame  plus 
2.3  seconds  for  each  step  =  14  seconds/picture).  The  pattern 
is  then  repeated  with  registration  on  the  previous  frames  and 
the  signals  from  the  two  corresponding  frames  compared  to 
observe  relative  satellite  motion.  At  the  end  of  26  minutea  the 
rotation  axis  is  readjusted  6.5°  toward  earth  center  and  the 
process  repeated. 

Targe  £  Models 

(S)  The  infrared  and  visible  target  model  spectral  signature; 

are  shown  in  Fig.  2.  Curves  are  given  i.n  photons/sec  ym  for 
targets  A,  B,  and  C/10  for  convenience.  The  curve  labeled  C/10 
represents  one  tenth  the  signature  of  assumed  target  C,  (10m^, 

K,  e=l,  Y=0 . 5 )  and  is  equal  to  that  of  the  target  model 
assumed  in  the  earlier  study.  The  8-22ym  region  shown  cross- 
hatched  contains  most  of  the  infrared  target  irradiance  and  can 
be  covered  by  the  Si: As  detector  material  discussed  in  the 
earlier  study  report.  The  target  irradiance  in  this  region  for 
three  targets  is 

2 1 

Qs  =  8.2x10  photons/sec  t target  A) 

22  (1) 

Qs  =  1.44x10  photons/sec  (target  B) 
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Q  =  1.98x10  photons/sec  (target  C) 

b 

We  use  this  band  in  the  present  study  instead  of  the  8-14pm  band 
used  before  because  of  the  lower  target  temperatures  of  targets, 
A  and  13.  In  the  following  analysis  we  will  consider  only  target 
A  as  its  signature  is  not  much  different  from  that  of  target  B, 
and  target  C  presents  no  real  challenge  to  the  system. 

Backgrounds 

(U)  The  point  source  stellar  and  diffuse  cosmic  background 

levels  can  be  roughly  obtained  as  they  were  in  the  earlier 

study.  From  the  infrared  rocket-borne  measurements  of  Soifer, 

2 

Houck  and  Ilarwit  we  obtain  a  background  photon  flux  for  the 
8-22ym  region  of 

1  o  2 

fb  =  2.42x10  photons/sec  cm  (2) 

«D 

at  an  ecliptic  elevation  of  +  15°  and  an  elongation  from  the 
sun  of  160°.  This  appears  to  be  due  to  zodiacal  radiation  and 
will  be  greater  at  lower  elevation  angles  and  less  elongation, 
and  less  at  higher  elevation  angles.  It  probably  represents  a 
reasonably  good  average  value. 

(S)  The  number  of  stars  per  square  degree  with  8-22nm 

radiance  greater  a  given  quantity  has  been  extrapolated  frcm 
the  results  of  Hi-Star  measurements  reported  by  Price  and 
Walker.3  Compiling  their  8-14ym  and  16-22ym  data  the  following 
relation  is  obtained  for  angles  >5°  off  the  galactic  plane: 

N  =  3750  Q-1*05stars/deg2  (Q  in  photons/sec  cm2)  (3) 

for  the  8-22ym  region.  Their  data  is  obtained  in  the  region 

Q>5000  photons/sec  cm  whereas  our  region  of  interest  is  between 

2 

5<Q<500  photons/sec  cm  which  represents  up  to  three  orders  of 
magnitude  extrapolation  from  their  data.  This  extrapolation 
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is  dubious  at  best,  and  is  used  simply  for  lack  of  something 
better . 


(U)  Since  the  target  irradiance  at  the  sensor  cun  be 

obtained  from  the  target  radiances  given  in  Eq.  (3) by  dividing 

by  ttR  ,  where  R  is  the  sensor-to-target  range,  the  number  of 
2 

stars  per  deg  with  irradiance  equal  to  or  greater,  than  that  of 
the  various  targets  can  be  obtained  as  a  function  of  R.  A  plot 
of  these  star  densities  is  given  in  Fig.  3  for  Targets  A  and 

C/10. 


Analysis 


The  range-sensitivity  relation  can  be  obtained  following 
the  analysis  of  Appendix  A  in  the  report  of  the  earlier  study. ^ 
For  the  background-limited  linear  array,  from  Eq.  A-44  of  the 
earlier  study  report  we  have 


R2  = 


^s 

4 (SNR) 


1/2 


D 


Q 


°  2nr|fi 
B 


(4) 


where  R  is  the  sensor— to— target  range,  is  the  signal  flux 

liven  by  Eq.  (3)  (Qg  =  W^A/hv  in  Eq.  A-44)  ,  SNR  is  the  signal- 

to-noise  ratio,  D  is  the  optics  diameter,  Tq  is  the  optics 

transmission,  is  the  background  flux,  n  is  the  number  of 

detector  elements,  g  is  their  quantum  efficiency  and  Q  is  the 

scan  rate.  For  a  linear  array  n  can  be  related  to  the  angular 

i ield-of -view  of  the  sensor,  ^pOV>  and  the  instantaneous  field- 

of-view  of  the  individual  detectors,  by 

F  0  V  J 


n  = 


1/2 


FOV 


/co 


1/2 


FOV 


(5) 


The  instantaneous  f isld-of-view  is,  in  turn,  related  to  the 
optics  diameter,  D,  the  system  f-number,  F,  and  the  detector 
area  A^  by 
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3.  Star  background  densities 
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U) 


FOV  p2^2 


(6) 


Substituting  in  Eq.  4  we  obtain 

1/2 


0  Q  DT 
T.  2  s  o 

4 (SNRf 


ft1/4  fr1/2 

““FOV  “ 


2r]DF  \1/  2 

172  ) 


O^A., 
WB  d 


(7) 


U)  In  the  amplifier  limit  the  range-sensitivity  equation 

is  given  by  Eq.  A-45, 


j  Q  hv  D  T 

R  =  — - Z=Z  &  (na)F0V^  1} 

4 (SNR)  NEP  FU/ 

where  NEP  is  a  constant  in  the  amplifier  limit  given  by 
NEP  =  NEP  (B/2)"i/2 


(8) 


(9) 


where  NEP  is  the  detector-amplifier  noise-equivalent  power  and 
B  is  the  system  bandwidth.  Substituting  in  Eq.  8  we  obtain 


„2  _  W17/  i/4--i/2/8<to>  Vfov1/2M1/2 

TT1W  ' F0V  “  l  ' 


(10) 


In  actual  operation,  of  course,  both  amplifier  and  background 
noise  will  be  present  in  which  case  Eqs.  C7)  and  (10)  should  be 
combined  to  give 


R  = 


Q  DT 
s  o 

4  (SNR) 


1/2 


Q  i/4 -1/2 
^  FOV  U 


QBAd 

Thdf 


1/2 


NEP 


8  (hv) 


To“2FOV 


Q 

177 


-1/2 


(11) 


Equation  (11) reduces  to  Eq.  (7) or  Eq.  (10) as  Q0  or  NEP  is  large. 

The  range-sensitivity  given  by  Eq.  (11) can  be  maximized  by  selecting 
the  optimum  value  of  the  detector  area,  A^.  This  is  given  by 
differentiating  Eq.  (11) with  respect  to  A^  and  setting  the  result 
equal  to  zero.  This  gives 
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3/2 


- 2  3 

NEP  F 


2  (hv)  T 


no 

Q 


n 


B 


FOV 


T/2  # 


(12) 


in  which  case  Eq.  (11)  becomes 


R2  = 


Qs 

2  ( SNR) 


✓2 

kT7 


n  To  aFOV 


hv 


’  2 

qb 


D 


NEP 


1/3 


(13) 


There  are  two  constraints  on  this  optimization:  (1)  must  be 


greater  than  or  equal  to  the  optics  diffraction  limit 


Ad  >  (2.44  FA) 


(14) 


and,  (2)  A^  must  be  small  enough  to  provide  sufficient  resolution 
to  obtain  good  angular  tracking  accuracy  and  also  to  prevent  a 
large  number  of  the  detectors  from  having  a  star  in  their  field- 
of-view  a  large  percentage  of  the  time.  Substitution  of  Eq. (14) 
in  Eq.  (12) results  in  the  following  constraint  on  the  optics 
diameter 


D  > 


2(hv)2T0  Qb!1fov1/; 


NEP 


n 


( 2 . 4  4  A ) 


(15) 


The  following  parameter  values  are  assumed: 


SNR  =  7 

n  =o.5 

T  =0.5 

o 

“  0.04  str.  (0.2x0. 2  radian) 

F0V  10  7 

Qg  =  2.42x10  photons/sec  cmz 

fi  =  9.7x10  4str/sec  =  3.5  str/hour 

_  _  o 

NEP  =  5.4x10  W/Hz  (at  19ym) 
hv  =  1.045x10  sec  (at  19pm) 

NEP/hv  =  516.7 


The  values  are  the  same  as  assumed  in  the  earlier  study  except 
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for  NEP.  The  above  value  represents  the  best  results  obtained 
on  a  single  detector  rather  than  an  average.  It  is  assumed 
that  in  the  future  it  will  be  possible  to  fabricate  and  assemble 
many  detectors  with  this  performance.  There  is  some  technical 
uncertainty  in  this. 

(U)  Substitution  of  these  parameter  values  into  Eq.  (15) 

yields  the  constraint 

D  >_  5.78cm  =  2.28  inches  (16) 

All  systems  considered  below  satisfy  this  con  traint.  It  is 
seen  below  also  that  the  star  occupancy  (number  of  detectors 
which  at  any  one  instant  in  time  have  a  star  in  their  field-of- 
view  with  irradiance  greater  than  or  equal  to  that  of  the  target 
sought)  remains  acceptable  (<1%)  for  all  systems  considered. 

(U)  Using  Eq.  (13) we  can  calculate  the  optics  diameter 

required  to  detect  targets  A  and  C/10  as  a  function  of  range. 

The  results  are  shown  in  Fig.  4.  The  increase  in  spectral  band 
from  8-14ym  to  8-22ym  along  with  the  above  optimization  procedure 
has  allowed  a  reduction  in  the  optics  diameter  required  to 
detect  target  C/10  at  3  times  synchronous  (3X)  from  28  inches 
in  the  previous  study  to  19  inches.  The  approximate  ranges  to 
synchronous  (IX)  ,  three  times  synchronous  (3X)  and  six  times 
synchronous  (6X)  altitude  are  indicated  in  the  figure.  The  6x 
altitude  is  assumed  to  be  about  the  limit  of  sublunar  stable 
orbits . 

(U)  The  star  occupancy,  c,  can  be  calculated  from 

£  =  WFOV  *  N  d?) 

2 

where  N  is  the  number  of  stars/deg  given  in  Fiq.  3  if  u)„^TT  is 
in  deg^".  The  star  occupancy  for  targets  A  and  C/10  is  shown 
in  Fig.  5  for  the  linear  array  from  Eq.  (17)  .  As  can  be  seen 
from  Fig.  5  the  star  occupancies  all  lie  below  about  1%  which  is 
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deemed  very  acceptable.  The  linear  array  detector  element  size 
for  an  arbitrary  F/3  system  is  shown  vs.  range  for  the  three 
targets  in  Fig.  6.  The  f— number  is  not  an  important  parameter 
in  this  analysis  and  F/3  was  selected  as  it  appears  reasonable 
to  expect  that  the  optical  systems  could  be  built  with  the 
required  resolution  at  F/3.  The  last  parameter  of  importance  in 
the  xi.iear  array  is  the  number  of  individual  detectors  required. 
This  is  given  by  Eq. (5) and  is  plotted  vs.  range  for  targets  A 
and  C/10  in  Fig.  7.  The  number  used  for  target  C/10  at  3X  range 
is  780  vs.  500  assumed  in  the  earlier  study.  This  is  a  result 
of  the  optimization  process  and  is  partly  responsible  for  the 
reduction  in  required  optics  diameter.  As  in  the  earlier  study 
we  assume  two  rows  of  detectors  in  order  to  provide  star 
discrimination.  Thus  the  total  number  of  detectors  is  twice 
the  number  given  in  Fig.  7. 


(b)  The  vidicon  analysis  proceeds  in  a  manner  similar  to 

the  discussion  of  Appendix  A  of  the  earlier  study  report.  From 
Eq.  A-55  therein  we  have 


R 


Qs 

2  ( SNR) 


Tq  nGm  ntF  \  1/2 
"“FOV  / 


(18) 


where  n  is  the  quantum  efficiency  and  G  the  photoconductive 
gain  of  the  vidicon  retina,  m  is  a  modulation  index  characteristic 
of  the  readout  mechanism,  n  is  the  total  number  of  resolution 
elements,  tp  is  the  frame  time  and  ^F(JV  is  the  total  vidicon 
instantaneous  f ield-of-view.  The  range-sensitivity  is  maximized 
when  the  system  is  diffraction  limited  in  which  case 


n  ~  “FOV^FOV  '  FO iy/(2.44A/D)  .  (19) 

The  frame  time  allowed  is  limited  by  the  length  of  time  the 
target  image  remains  focussed  on  a  single  resolution  element.  If 
cl  is  the  angular  rate  of  target  motion  with  respect  to  the  sensor 
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Fig.  7.  Single  linear  array  number  of  detector  elements.  (U) 


15 

Unclassified 


t 


Unclassified 


I 

lme-of -sight  which  is  assumed  fixed  in  inertial  space  then  the 


frame  time  is  limited  by 

1/2 


03 


FOV 


2 . 44  A 


a 


aD 


(20) 


For  the  moment  we  will  assume 
*.  2 . 44  A 


F  aD 

^.he  angular  rate  of  target  motion  is  given  by 

a  =  V/R 

where  V  is  the  relative  velocities  of  the  target  and  sensor 


(21) 


(22) 


—  ^  w  I— I  Vw.  J.  J.  W  J 

satellites  perpendicular  to  the  line  of  sight  and  R  is  the 
sensor-to-target  range.  For  a  high-orbit  target  and  a  lower 
orbit  sensor  satellite,  V  will  be  dominated  by  the  sensor 
motion.  Substituting  Eqs.  (19),  (21)  and  (22)  in  Eq.  (18)  we  obtain 


R 


3/2  _ 


Q. 


2  (SNR) 


,3/2 


T  r|Gm 
o 


U/2 

Qfi  •  2 . 4  4  A -v) 


(23 


and 


tF 


2.44AR 


V  *D 


(24; 


The  new  parameters  assumed  are 


H  =  0.5 
G  =  0.5 
m  =  1/4 

V  =  3km/sec  (Synchronous  Orbital  Velocity). 

These  values  are  about  the  same  as  those  assumed  in  the  previous 
study  except  for  the  modulation  index.  We  are  assuming  for  the 
present  study  a  photoconductive  vidicon  with  an  "Isocon"  read¬ 
out.  The  theoretical  best  modulation  index  for  such  a  device 
is  m=l/2 .  However,  assessment  of  practically  achievable  isocon 
performances  indicates  a  factor  of  about  2  degradation  below 
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theoretical  leading  to  the  assumed  value  of  m=l/4 .  This  is 
also  approximately  borne  out  by  theoretical  analysis  of  the  tube 
performance.  Using  Eg.  (23)  anc'(24)we  obtain  the  following  frame 


time 


t„  =  11.6  sec 
F 


Equation (23)  can  be  used  to  evaluate  the  optics  diameter  necessary 
to  see  targets  A,  and  C/10.  The  result  of  this  is  shown  in 
Fig.  8  vs.  sensor-to-target  range.  The  decrease  in  required 
optics  diameter  for  target  C/10  at  3X  range  from  6  l/2"  in  the 
earlier  study  to  4  1/2"  is  due  primarily  to  the  increase  in 
spectral  bandwidth  employed.  The  star  occupancy  for  the  vidicon 
can  be  calculated  using  Eq.(19)and 


2.44X 

D 


the  diffraction  limit.  The  results  are  included  in  Fig.  9.  The 
approximate  5%  occupancy  factor,  although  larger  than  for  the 
linear  array,  is  close  to  that  imposed  on  the  other  optical 


systems , 


(U)  Since  the  vidicon  is  assumed  to  operate  at  a  constant 

frame  rate  the  required  f ield-of-view  is 


^FOV  ”  tF 


For  a  scan  rate  of  4  str/hour  and  t^  given  by  Eq.  (25) 


=  0.11  radian  =  6 . 5  ‘ 


(U)  A  direct  comparison  between  the  linear  array  and  the 

vidicon  required  optics  diameter  is  shown  in  Fig.  10.  As  can 
be  seen  the  vidicon  system  requires  considerably  less  optical 
diameter  at  all  ranges  especially  for  the  more  distant  targets. 
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